The intermediate filament (IF) cytoskeleton plays an important role in integrating biomechanical pathways associated with the actin and microtubule cytoskeleton. Vimentin is a type III IF protein commonly found in fibroblast cells and plays a role in transmitting forces through the cytoskeleton. Employing simultaneous laser scanning confocal and atomic force microscopy (AFM), we developed a methodology to quantify the deformation of the GFP-vimentin-labeled IF cytoskeleton as a function of time in response to force application by the AFM. Over short times (seconds), IFs deformed rapidly and transmitted force throughout the entire cell in a highly complex and anisotropic fashion. After several minutes, mechanically induced displacements of IFs resemble basal movements. In well-adhered cells the deformation of IFs is highly anisotropic as they tend to deform away from the longitudinal axis of the cell. This study demonstrates that simultaneous AFM and LSCM can be employed to track the deformation and dissipation of force through the IF cytoskeleton.
Introduction
Recent advancements in the field of biophysics, such as the rapid improvement of our understanding of the mechanical roles of the cytoskeleton (CSK) and extracellular matrix (ECM) [1] , have led to a picture of the cell from a mechanical point of view, as opposed to the traditional biochemical perspective [1] [2] [3] . It is now known that biological processes such as DNA replication are not only affected by the presence of certain biochemical signals in the cell, but also by mechanical forces such as tension on the DNA strand itself [4] . The new perspective involving physical forces at a micro-and nanoscale has allowed for many new discoveries [1] . For one, the process of mechanotransduction occurs by changes in the concentrations of local signaling molecules as a response to the deformation of the CSK induced by externally applied forces [5] . This process depends on the close integration of the three cytoskeletal elements, actin, microtubules (MTs), and intermediate filaments (IFs) [1] . Understanding how these cytoskeletal elements deform will provide insight into how cells both sense and react to their external physical environment, which results in the conversion of mechanical signals from the ECM to the CSK and eventually into cellular signaling [1, 2] .
The IF network is one of the three main components of the CSK. However, the intermediate filament network has since been proven to play a major role in the mechanical functions of the cell [6] [7] [8] . IFs have been shown to stabilize MTs against compressive forces and while supported by IFs, MT filaments resistance to buckling under compression may increase by orders of magnitude [9] . IFs also serve as a vital connection between the CSK, the extracellular matrix (ECM), and the nucleoskeleton. The IF CSK connects the CSK to the ECM through desmoplakins and integrins [10] ; at the same time, it has been shown to connect the CSK to the nucleoskeleton via interactions between β-lamins and vimentin, a class III intermediate filament protein [11] . Computational modeling has shown that cells with higher IF density display increased deformation of the nucleus in response to the external force [6] . Such transmission of forces from the exterior to the nucleus is suspected to play a role in the mechanism of mechanotransduction [12] . The IF network has unique properties that enable it to fulfill its role in the mechanical structure of the cell [13] . Unlike the polar, globular subunits of actin and MTs, IFs are made of neutral subunits of α-helical polypeptide chains. Due to their differing composition, IFs respond differently from actin and MTs to physical stress, defined as the amount of force applied over a given area. The IF network is able to maintain integrity at strains of up to 100% whereas the actin and MT networks rupture at 20% and 60%, respectively [13] . IFs are also unique in their nonlinear resistance to deformation. IFs show very little resistance to deformation at low strains, but at higher strains (towards 100%), the resistance to further deformation sharply increases [14] . In contrast, the actin CSK is very resistant to deformation at low strains and is quickly able to recover initial conformation after long periods of strain, but rapidly depolymerizes when the network is stretched over 20% of its original dimensions [13] . The overall picture of IF mechanics emerges as being highly malleable at physiological conditions, but highly resistant against deformation when large applied forces create large strains in the CSK [15] . It is this nonlinear response to physical strain that allows IFs to provide a safe barrier against overextension of the cell structure [15] by dramatically increasing the CSK's stiffness when strain of the CSK exceeds the limits of the actin and MT components [6] . Due to resilience of the IF CSK at a wide range of forces, the IF network is able to transmit forces applied on the focal adhesions (FAs) from the exterior of the cell to the nucleus effectively across a wide range of forces [12] , whereas the actin network is only able to effectively transmit forces to the nucleus at low ranges, as it is likely to depolymerize as the applied force increases [12] .
An important tool for studying the mechanical properties of the cell is the atomic force microscope (AFM). The AFM was invented in 1986 as a scanning probe microscope (SPM) for the purposes of imaging [16] and has since been applied to biology for both imaging and measuring the mechanical properties of living cells [17] [18] [19] [20] [21] . Further insight into the mechanics of the CSK may be studied by the integration of AFM with optical imaging systems such as the ISRN Cell Biology 3 fluorescence microscope [19, 22] . Lehenkari et al. designed a system by which the AFM can be mounted on top of the stage of an inverted optical microscope, allowing for simultaneous optical/AFM microscopy [22] . This is crucial in allowing the observation of real-time responses of the CSK to mechanical stimuli, as opposed to fixing and staining the sample after force measurements using the AFM [17] . The technology of AFM/optical microscopy integration has opened the door to observing the immediate response of the CSK to an external force applied by the AFM, such that the transmission of force through the CSK, which often occurs within the seconds to minutes after a mechanical stimulus [21] . This method of visualizing the CSK using laser scanning confocal microscopy (LSCM) while applying external force with the AFM will be used in our study to observe the immediate response of the vimentin CSK to indentation by the AFM.
The goal of the study was to establish a methodology utilizing simultaneous AFM-LSCM to observe and quantify the deformation of the complex IF CSK network in response to locally applied forces. This was accomplished by creating cells transiently expressing a GFP-vimentin-labeled IF CSK. We then nondestructively photobleached a well-defined grid pattern into the IF CSK [23] . Once the grid was created, the cell was imaged for several minutes under an applied load from the AFM or under no load. The deformation of the IF CSK was determined by tracking the movement of the nodes of the photobleached grid. The average displacement magnitudes of the nodes of control and indented cells were found to be significantly different immediately following the indentation. However, over time the basal average displacement magnitude of the IFs was similar to the mechanically stimulated cells. This reveals the constant dynamic movement of the IF network even in the absence of externally applied forces [12] . Locally, we found that the deformation of the IF CSK appears to be anisotropic and that nodes near the central longitudinal axis of the cell show little displacement, whereas increasing displacement occurred further away from the central longitudinal axis. The IF CSK is considered the main cytoskeletal element that acts to transmit mechanical forces from the extracellular matrix into the nucleus through its interactions with vinculin and actin [12] . Therefore, understanding the deformation of the IF CSK may shed light on the mechanism of mechanotransduction, bringing a better understanding of the exact process by which cells incorporate mechanical signals from the external physical environment into biological processes.
Materials and Methods

Mammalian Cell Culture and Transfections. NIH3T3 mouse fibroblast cells were cultured in High glucose Dulbecco Modified Eagle's Medium (DMEM) containing 10%
Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin antibiotics (all from Hyclone). The cells were cultured at 37 • C at 5% CO 2 in 10 cm diameter plastic working plates. Cells were passaged every 4 days and split into 35 mm glass bottom dishes (MatTek) at 5000 cells per dish to ensure evenly spaced single cells for experiments. GFP-vimentin DNA plasmids (a kind gift of Robert Goldman, Northwester University) were transfected using lipofectamine 2000 (Invitrogen) according to manufacturer protocols. The cells were incubated at 37 • C overnight, and experiments were carried out the next day.
Immunofluorescence
Labeling. GFP-Vimentin expressing NIH3T3 cells were fixed using 3.5% paraformaldehyde and 2% sucrose at 37 • C and permeabilized using 0.5% Triton X-100 at 37 • C. Actin was labeled by incubating the sample for 2% phalloidin conjugated to AlexaFluor 546 fluorophore (Invitrogen), followed by incubation with wash buffer (phosphate buffered saline (PBS) containing 5% FBS and 0.05% Sodium Azide). Vinculin was labeled using 0.5% monoclonal anti-vinculin primary antibody produced in mouse (Sigma) and 0.5% rabbit anti-mouse IgG secondary antibody conjugated to AlexaFluor 546 fluorophore. DNA was labeled with 0.5% DAPI (Invitrogen) [21] . platform (Nikon, Canada). Live cells containing GFP-labeled IFs were imaged using a 63x oil immersion objective. Confocal volumes consisting of 1 μm slices were acquired every 30 sec; all images for analysis were maximum intensity projections. Photobleaching (Figures 1(a) -1(c)) of a userdefined grid pattern was achieved with a 488 nm laser at full power at multiple focal planes in the confocal volume. The grid had a distance between lines of 3.2 μm, and the lines in the grid had thicknesses of ∼0.5 μm.
Laser Scanning Confocal Microscopy (LSCM
Atomic Force Microscope (AFM).
All force-distance curves and nanoindentations were performed using the JPK Nanowizard II AFM head (JPK) mounted on the microscope described above (Figure 1(d) ). AFM tips had an experimentally determined average spring constant of 67 ± 8 pN/nm (Nanoworld). Cells were indented at the center of the nucleus with a constant 20 nN of force for a total of 4 mins during which LSCM imaging was carried out as described above.
To determine the average cellular elasticity (or Young's modulus), five force curves were measured per cell (n = 10 cells) and analyzed using the Hertz indentation model for the shallow indentation (200 nm) of a stiff cone into a soft substrate [24] . 
Results
The transient transfection of GFP-vimentin produced a visible IF CSK (Figure 2(a) ). After photobleaching, a 16 × 16 grid was produced in the IF CSK (Figure 2(b) ), which remained visible throughout the duration of the experiment. After transfection, the majority of cells had flat fibroblastic morphology with IFs well spread throughout the cell body ("flat cells"). However, a subpopulation of cells existed with a distinct elongated and spindle-like morphology ("elongated cells"), with a marked increase in cell height (xx um versus yy um). The IF CSK in these cells appeared collapsed around the nucleus and forming spindle-like protrusions. We also investigated FA structure as they provide a qualitative picture of how well adhered a cell is to the substrate. Vimentin-GFP-transfected cells fixed and stained for vinculin-rich FAs (Figure 3 ), reveal that elongated cells (Figure 3(a) ) had fewer FAs than flat cells (Figure 3(b) ). This results in an inability to transmit forces from the FAs into the CSK [25] . It has also been postulated that fibroblast cells of this morphology have lower substrate-adhesion (which is consistent with our study) [26] . Differences were also noted in the actin CSK (Figure 4) , where the actin network forms clear stress fibres in flat cells (Figure 4(b) ) but is mostly depolymerized in the elongated cells (Figure 4(a) ). It is interesting to note, however, that the IF CSK remains intact in both cases. Furthermore, elongated and flat cells are also mechanically distinct as they have an average Young's moduli of 3.3 ± 0.1 and 5.9 ± 0.2 kPa, respectively ( Figure 5(a) ). Although the exact physiological state of the elongated cells is not known, their differences in mechanics and morphology make an interesting comparison to the typical morphologies of the flat cells. Importantly, the elongated morphology of the fibroblasts in this study is more typical of fibroblasts found in primary tissue samples [27] and there continues to be a great deal of debate as to which morphology is representative of a "normal" fibroblast. Therefore, we chose to examine both morphologies using our methodology to identify difference in their ability to transmit applied mechanical forces.
As described above, flat and elongated cells were indented using the AFM for 4 minutes, imaged every 30 seconds, and the resulting displacement of the nodes in the photobleached grid in the vimentin CSK was tracked (control: n = 3 elongated cells and n = 3 flat cells; mechanically stimulated: n = 3 elongated cells and n = 3 flat cells). The control cells were imaged and tracked in the same manner but were not indented. The average grid node displacements were calculated and graphed as a function of time ( Figure 5(b) ). Overall, the displacement of the IFs in elongated cells was significantly higher than that in flat cells for both control and mechanically stimulated cells.
Elongated and flat control cells revealed that the natural movement of IFs away from their initial positions is relatively 6 ISRN Cell Biology constant over time. Elongated and flat cells respond to force with a statistically significant increase in displacement immediately (within 30 sec) in response to indentation (P < 0.001 for both cases), followed by slowly increasing displacement over the rest of the measurement time. It is interesting to note that although the displacement of IFs differs in its relationship at early times, both control and indented cells reach similar average displacements after 240 seconds (P > 0.05 for both conditions).
The displacement magnitude was plotted as a heat map in order to visualize the response of the whole cell ( Figure 6 ). In control cells, we observed that natural movement of the IF CSK occurs throughout the cell over time. Elongated cells often displayed large displacement magnitudes, localized to a particular region of the cell. This phenomenon appeared regardless of force application and may possibly be due to the lack of an intact actin CSK as well as being poorly adhered to the underlying substrate. During force application we generally found that flat cells tended to display little displacement near the central longitudinal axis of the cells, but a large amount of displacement is observed in areas away from this axis (Figure 7 ). This displacement anisotropy was never observed in elongated cells. This is significant because although IFs are intact in both elongated and flat cells, only flat cells contain an intact actin CSK and FAs. Therefore, the interaction between IFs and a polarized actin CSK and/or strong surface interactions via FAs may account for the anisotropy observed in the deformation of IFs. The IF network is known for its integration with the other CSK elements in transmitting external forces from the extracellular matrix, through the FAs, into the cytosol and the nucleus [12] . As a result, the breakdown of other cytoskeletal elements such as FAs, as noted in Figure 3 , may lead to the absence of IF deformation anisotropy.
Discussion
The goal of our study was to introduce a methodology employing simultaneous AFM-LSCM in order to study the realtime deformation of a specific component of the internal cell architecture in response to an applied external force. Photobleaching was first employed to create a grid pattern in cells expressing GFP-vimentin. Subsequently cells were exposed to an external force via the AFM that resulted in the deformation of IFs. By tracking the nodes of the photobleached grid we were able to spatially map the distribution of deformation throughout the cell over time. Two morphological populations of cells were investigated in this study: flat and elongated. It was observed that elongated cells have far fewer FAs than flat adherent cells. Thus it thought to reduce cell attachment to the substrate [25, 26] , which, combined with the reduced Young's Modulus of the elongated cells, allows for increased deformation of the IF CSK.
The plot of the average displacement of IFs in control cells revealed that the IF CSK is constantly moving and evolving over time resulting in an apparent displacement of the IFs from their initial positions. However, in response to an externally applied force, the cells displayed a large increase immediately after indentation, followed by gradual increases in displacement eventually becoming similar to the control. In other words, in the absence of large, externally applied forces, the IF CSK reveals a constant rate of movement from the process of remodeling and tensions generated within the cell [6, 28] . Interestingly, while the difference between the average displacement of vimentin in flat cells diminished at t = 240 sec, the difference in elongated cells diminished much earlier at t = 90 sec. This is likely due to the fact that the control elongated cells have an illformed actin CSK and few FAs making them unable to resist the movement of the IF CSK. Due to the reduced Young's modulus of elongated cells, it is also reasonable that the same applied force should lead to an increased initial displacement. On the other hand, flat cells possess a well-defined actin CSK and many FAs. This resulted in an anisotropic IF displacement profile. In response to force, the IF CSK tended to move away from the longitudinal axis of the cell along which actin stress fibres generally tend to polarize.
Our study has utilized a novel approach to studying force transmission occurring within a cell. Extracellular force was delivered to living cells in a controlled fashion while a combination of LSCM and patterned photobleaching was employed to quantify the magnitude and direction of force transmission. However, there are some limitations of the current study which limit the extent to which more generalized conclusions can be drawn about the biology of the IF CSK. These will be addressed in the future; however, the methodology remains highly useful as a mechanism to study force transmission inside living cells. One clear limitation is the use of a GFP chimera protein and its interference with the endogenous IF CSK. Various chimeras have been developed and can alter basal mechanical properties, IF organization and cell dynamics in a variety of ways [29, 30] . Secondly, the IF network is highly integrated with the rest of the structural components of the cell and cannot be considered to be acting completely independently of the rest of the CSK and cannot be considered in isolation. Thirdly, the physiological state of the elongated fibroblasts in this study is not well defined. These are all important issues which require further study and can be addressed with the use of cell lines expressing a variety of fluorescently labeled IF proteins, the use of specific anticytoskeletal drugs, and/or targeted siRNA. However, the methodology presented in this study remains a useful tool to quantify the structural response of the cytoarchitecture to mechanical stimulation.
IFs are a crucial component of the cell in both maintaining the integrity of the CSK structure as well as transmitting forces from the ECM into the cytosol. In this study, the displacement of the IF CSK as a whole was studied in response to deformation via indentation using the AFM. We have found that there is a major difference in the average displacement with respect to time between cells exhibiting a flat morphology and those exhibiting an elongated morphology. For both cases of elongated and flat cells, the indented cells show a large increase in the displacement of IFs over control cells immediately following indentation, but the overall average displacement of the IF CSK after 240 sec of constant force application was statistically similar. This indicates that externally applied forces to the cell are rapidly transmitted throughout the IF CSK which rapidly dissipates the force towards baseline levels. The IF CSK appears to be imparting the cell with the ability to maintain its structural integrity in response to the sudden application of large external forces. IFs are highly dynamic and constantly altering their configuration, despite the absence of externally applied forces. Locally, the displacement of the IF CSK is highly anisotropic in flat cells, where the magnitudes of displacement are highest at areas furthest away from the central longitudinal axis. This is most likely a result of interactions between IFs and other cytoskeletal elements such as actin and FAs. This dynamic behaviour of the IF CSK is likely highly important to its function in maintaining the integrity of the cell in response to physical stress as well as in integrating mechanical signaling pathways mediated by the actin and MT CSK.
